The bone morphogenetic protein (BMP) ligand Glass bottom boat (Gbb) acts as a retrograde growth signal at the Drosophila neuromuscular junction (NMJ). Endocytic regulation of presynaptic BMP receptors has been proposed to attenuate retrograde BMP signaling. However, it remains unknown whether the Gbb signal is also regulated by postsynaptic mechanisms. Here, we provide evidence that Drosophila Cdc42-interacting protein 4 (dCIP4) functions postsynaptically to inhibit synaptic growth. dCIP4 is localized postsynaptically at NMJs. dcip4 mutations lead to synaptic overgrowth and increased presynaptic phosphorylated mothers against decapentaplegic (Mad) levels, and these defects are rescued by muscle-specific expression of dCIP4. Biochemical and genetic analyses demonstrate that dCIP4 acts downstream of Cdc42 to activate the postsynaptic Wsp-Arp2/3 pathway. We also show that BMP signaling is necessary for synaptic overgrowth in larvae lacking postsynaptic dcip4 or wsp. Finally, dCIP4 and Wsp inhibit Gbb secretion. Thus, we propose that dCIP4 restrains synaptic growth by inhibiting postsynaptic Gbb secretion through the Wsp-Arp2/3 pathway.
Introduction
Synapses are specialized intercellular junctions that allow efficient communication between neurons and their postsynaptic targets. It is now well established that retrograde signals derived from postsynaptic cells play critical roles in synaptic development and plasticity (Tao and Poo, 2001; Marques and Zhang, 2006; Regehr et al., 2009) . At the Drosophila neuromuscular junction (NMJ), the bone morphogenetic protein (BMP) homolog Glass bottom boat (Gbb) acts as a muscle-derived retrograde signal that promotes synaptic growth and neurotransmitter release . This signal is conveyed into presynaptic neurons through a receptor complex consisting of the type-II receptor Wishful thinking (Wit) and either of two type-I receptors, Thickveins (Tkv) and Saxophone (Sax) (Aberle et al., 2002; Marques et al., 2002; Rawson et al., 2003) . Receptor activation results in the phosphorylation of mothers against decapentaplegic (Mad). Phosphorylated Mad (P-Mad) enters the nucleus to regulate transcription of target genes (Keshishian and Kim, 2004) .
A growing body of evidence suggests that endocytosis is a key mechanism for the regulation of retrograde BMP signaling during synaptic growth. Mutations in various endocytic genes, including dap160/intersectin, spin, and spichthyin (spict), cause synaptic overgrowth (Sweeney and Davis, 2002; Marie et al., 2004; Wang et al., 2007) , and this phenotype is suppressed by additional mutations that disrupt BMP signaling (Sweeney and Davis, 2002; Wang et al., 2007; O'Connor-Giles et al., 2008) , suggesting that endocytosis contribute negatively to retrograde BMP signaling. However, it is not known whether retrograde BMP signaling is also regulated at the level of Gbb secretion.
The Drosophila ortholog of Wasp (Wsp) has been implicated in endocytic regulation of retrograde BMP signaling. Wsp is required for restraining synaptic growth and binds to the presynaptic protein Nervous wreck (Nwk) (Coyle et al., 2004) . Nwk can interact with Tkv and dynamin and Dap160/intersectin (O'Connor-Giles et al., 2008) , suggesting that Wsp function is critical for endocytic regulation of BMP receptors. However, most Wsp at the NMJ is present postsynaptically (Coyle et al., 2004) , suggesting that Wsp can regulate synaptic growth independently of Nwk.
Drosophila Cdc42-interacting protein 4 (dCIP4) is a multimodular adaptor protein that contains an N-terminal Fes/CIP4 homology-BAR (F-BAR) domain followed by a central Cdc42-interacting protein kinase C-related kinase homology region 1 (HR1) domain and a C-terminal Src homology region 3 (SH3) domain, which interacts with dynamin and Wsp (Leibfried et al., 2008) . The F-BAR domain of dCIP4 has a potent activity to induce plasma membrane invagination (Fricke et al., 2009) . In epithelial cells, dCIP4 has been shown to regulate dynamindependent endocytosis of E-cadherin at adherens junctions by acting downstream of Cdc42 to activate the Wsp-Arp2/3-mediated actin polymerization (Georgiou et al., 2008; Leibfried et al., 2008; Fricke et al., 2009) .
Here, we examined the role of dCIP4 at the NMJ. Our experiments demonstrate that dCIP4 is required postsynaptically to restrain synaptic growth. We also show that dCIP4 acts positively in the Cdc42-Wsp pathway to inhibit postsynaptic Gbb secretion. These results reveal a novel role for dCIP4 in synaptic growth regulation and demonstrate that retrograde BMP signaling is regulated at the level of Gbb secretion from postsynaptic cells.
Materials and Methods
Fly stocks. The wild-type strain was w 1118 unless otherwise noted. An enhancer-promoter (EP) insertion in the dcip4 locus (G14250) was purchased from GenExel. The dcip4 allele dcip4 1 was generated via imprecise excision of G14250. Transgenic lines carrying UAS-HA-dcip4, UAS-HAdcip4-L145D, UAS-HA-dcip4-L436S, UAS-HA-dcip4-W603K, or UASgbb-GFP were generated in the w 1118 background by standard procedures (Robertson et al., 1988) . wsp 1 and Df(3R)3450 (a deficiency in the wsp locus) flies were kindly provided by Eyal Schejter (Weizmann Institute of Science, Rehovot, Israel), UAS-Myc-cdc42V12 (Kim et al., 2003) by Akira Chiba (University of Miami, Coral Gables, FL), UAS-cdc42V12 and UAScdc42N17 (Luo et al., 1994) by Peter Kolodziej (Vanderbilt University, Nashville, TN), shi ts by Anne Schmidt (University of Heidelberg, Heidelberg, Germany), and Df(3L)ED4342 (a deficiency in the dcip4 locus), cdc42 2 , wit A12 , wit B11 , arp3 EP3640 , and UAS-shi K44A (Moline et al., 1999 ) by the Bloomington Drosophila Stock Center. RNAi (ϩ278 to ϩ778) was obtained from the National Institute of Genetics Stock Center Mishima, Japan. Other RNA interference (RNAi) lines were obtained from Vienna Drosophila RNAi Center: RNAi (ϩ294 to ϩ642),
UAS-wsp
RNAi (ϩ434 to ϩ773), UAS-arp2 RNAi (ϩ633 to ϩ968), and
UAS-arp3
RNAi (ϩ544 to ϩ887). The following GAL4 lines were used in this study: BG57-GAL4 (Budnik et al., 1996) , MHC-GeneSwitch-GAL4 (MHC-GS-GAL4 ) (Osterwalder et al., 2001) , and C155-GAL4 (Lin and Goodman, 1994) .
Molecular biology. For glutathione S-transferase (GST) pull-down assays, a cDNA fragment spanning the entire dcip4 open reading frame (ORF) was amplified by PCR from the expressed sequence tag (EST) clone RE39037 and subcloned into the pGEX6P1 vector (GE Healthcare). L145D, L436S, and W603K mutations were introduced into the pGEX6P1-dcip4 construct using the QuikChange Multi kit (Stratagene). A DNA fragment encoding the Wsp proline-rich domain (amino acids 301-378) was also amplified by PCR from EST clone RE12101 and introduced into pGEX6P1. For mammalian expression of Myc-tagged wildtype and mutant dCIP4 proteins, the same cDNA fragments were inserted into the pCMV-Tag3B vector (Stratagene). For mammalian expression of green fluorescent protein (GFP)-tagged Wsp and Gbb, the entire coding sequences of wsp and gbb were amplified by PCR from EST clones RE12101 and GH12092, respectively, and then subcloned into the pEGFP-N2 vector (Clontech). For mammalian expression of Myc-tagged Cdc42V12 and Cdc42N17, their entire coding sequences were PCR amplified from genomic DNAs of transgenic flies carrying UAS-cdc42V12 and UAS-cdc42N17, respectively, and then subcloned into pCMV-Tag3B. For mammalian expression of hemagglutinin (HA)-tagged Cdc42V12, the insert of pCMV-Tag3B-cdc42V12 was subcloned into the pcDNA-HA vector (Invitrogen). For transgenic rescue experiments, the dcip4, dcip4-L145D, dcip4-L436S, and dcip4-W603K cDNA inserts in pGEX6P1 were introduced into pUAST-HA, a derivative of the pUAST vector (Brand and Perrimon, 1993) . The following primers were used to characterize the excision line dcip4 1 at the molecular level: 5Ј-ACACTTGGTAAGCTTTTTCAGAGC-3Ј and 5Ј-GTTCGGGATCCT-CCTTGAGCTGCT-3Ј.
To evaluate the effects of the dcip4 1 mutation on the expression levels of dcip4, mRpS6, and rp49 (control) mRNAs, total RNA was isolated from larval extracts using TRIzol (Invitrogen). Reverse transcription (RT) was performed with 1 g RNA, an oligo-dT primer, and the SuperScript II reverse transcription kit (Invitrogen). The resulting cDNA was analyzed by PCR using the following primers: dcip4, 5Ј-CGAAGAAAGAAACTGCAG-3Ј and 5Ј-GGGACTTGCCGAAC-CGTT-3Ј; mRpS6, 5Ј-AATTGCCTCGCCCCGAACTGA-3Ј and 5Ј-TAGCATACATAATTA ACGCGTTT-3Ј; rp49, 5Ј-CACCAGTCG-GATCGATATGC-3Ј and 5Ј-CACGTTGTGCACCAGGAACT-3Ј.
Cell culture and transient transfection. Drosophila Schneider S2Rϩ cells were maintained at 25°C in Schneider's medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS). Human embryonic kidney 293T (HEK293T) cells were grown in DMEM containing 10% heat-inactivated FBS. S2Rϩ and HEK293T cells were transfected in six-well plates using Cellfectin (Invitrogen) and Lipofectamine 2000 (Invitrogen), respectively, according to the manufacturer's instructions.
Generation of dCIP4 antibody. To generate a polyclonal antibody against dCIP4, a recombinant protein containing a fragment of dCIP4 (amino acids 201-567) fused with GST at the N terminus was expressed in Escherichia coli BL21 (Stratagene). The fusion protein was purified with glutathione-Sepharose 4B and digested with PreScission protease (GE Healthcare). The cleaved dCIP4 fragment was further purified by SDS-PAGE for the immunization of rats. The resulting sera were affinity purified using the antigen-cross-linked to CNBr-activated Sepharose 4 Fast Flow beads (GE Healthcare).
Western blot analysis. Larval body-wall muscle preparations were homogenized in SDS sample buffer and then boiled for 5 min. S2Rϩ cells were homogenized in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, and 1ϫ protease inhibitor cocktail (Roche) and mixed with SDS sample buffer. After boiling for 5 min, the homogenates were subjected to SDS-PAGE and transferred to nitrocellulose membranes (Whatman). Protein bands were visualized with an ECL detection system (Pierce). The following antibodies were used in this study: rat anti-dCIP4 (1: 1000), guinea pig anti-Wsp (a kind gift from Sven Bogdan, Universität Münster, Münster, Germany; 1:1000), rabbit anti-dynamin (a kind gift from Mani Ramaswami, Trinity College Dublin, Dublin, Ireland; 1:1000), rabbit anti-Actin (Sigma; 1:1000), rabbit anti-Myc (Cell Signaling Technology; 1:1000), mouse anti-GFP (Roche; 1:1000), and HRPconjugated secondary antibodies (Jackson ImmunoResearch; 1:5000).
GST pull-down assays. GST fusion proteins of dCIP4, dCIP4-L436S, dCIP4-W603K, Wsp-PRD, and GST alone were produced in E. coli and purified using glutathione-Sepharose 4B (GE Healthcare). HEK293T cells transiently expressing Myc-Cdc42V12, HA-Cdc42V12, MycCdc42N17 or Wsp-GFP were lysed in 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, and 0.5% NP-40, and then centrifuged at 12,000 ϫ g for 15 min at 4°C. The cell lysates (500 l) were incubated with 10 g of GST or GST fusion proteins immobilized on glutathione-Sepharose beads for 4 h at 4°C. Beads were washed three times with lysis buffer and boiled in SDS sample buffer. The eluates were subjected to Western blot analysis using anti-Myc, anti-HA, or anti-GFP.
Immunohistochemistry. Whole-mount staining of embryos was performed as described previously (Lee et al., 2000) . Brains were dissected out from wandering third instar larvae in PBS, fixed in 0.1 M PIPES, pH 6.9, 1% formaldehyde, 1 mM EGTA, 1% Triton X-100, and 2 mM MgSO 4 for 30 min at 4°C, and washed with wash buffer (50 mM Tris-HCl, pH 6.8, 150 mM NaCl, 0.5% NP-40, 1 mg/ml BSA). Larval body wall muscles were dissected from wandering third instar larvae in Ca 2ϩ -free HL3 saline (Stewart et al., 1994) and fixed in 4% formaldehyde in PBS for 30 min. Fixed brain and muscle samples were washed with PBT (PBS, 0.1% Triton X-100), blocked with 5% BSA/PBT for 1 h, and incubated with primary antibodies overnight at 4°C. Samples were incubated with secondary antibodies for 1 h at room temperature. The following primary antibodies were used: rat anti-dCIP4 (1:100), guinea pig anti-Wsp (1:100), rabbit anti-P-Mad (1:100) (Persson et al., 1998) , goat anti-HRP conjugated with FITC (Jackson ImmunoResearch; 1:200), mouse anti-Dlg (Developmental Studies Hybridoma Bank; 1:500), mouse antiGluRIIA (Developmental Studies Hybridoma Bank; 1:10), rabbit antiGluRIIB (1:2500), and mouse anti-synaptotagmin (anti-Syt; Developmental Studies Hybridoma Bank; 1:5). FITC-, cyanine 3 (Cy3)-, and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch) were used at a dilution of 1:200. Muscle actin was visualized using rhodamine-conjugated phalloidin (Invitrogen; 1:150).
Morphological quantification. Fluorescence images of larval NMJs were acquired using an Olympus FV300 laser-scanning confocal microscope. To compare different genotypes, samples were processed simultaneously and imaged under identical confocal settings. For postsynaptic F-actin quantification, NMJs on muscles 12 and 13 were analyzed to minimize interference from F-actin within underlying myofibrils as described previously (Ramachandran et al., 2009 ). All other quantifications were performed at muscles 6 and 7 in abdominal segment 2. For quantification of NMJ morphology, a complete z-series stack collected at intervals of 1 m was projected using the maximum intensity method. Total bouton numbers, satellite bouton numbers, and NMJ lengths were measured after anti-HRP staining. NMJ length was determined by summing the length of synaptic branches. A synaptic branch was defined as an arborization with two or more type I boutons. Satellite boutons were defined as single boutons that were not included in a chain of boutons, as described previously (Estes et al., 2003) . Muscle surface area was visualized by saturating HRP signal and measured using Olympus FLOUVIEW (version 5.0) image analysis software. Bouton numbers and NMJ lengths were normalized to the muscle surface area. For P-Mad and postsynaptic F-actin quantification, the fluorescence intensities of P-Mad and phalloidin were measured using the FLOUVIEW software and then normalized to HRP intensity.
The numbers of samples analyzed are indicated inside the bars in Figures 2 and 5-8. The data are presented as mean Ϯ SEM. Statistical significance was determined by one-way ANOVA using SPSS software (version 17.0). Significant effects were analyzed further by post hoc pairwise comparisons of means using Turkey-Kramer or Fisher's least significant difference test (statistically significant for p Ͻ 0.05).
RNA interference and Gbb secretion assays. For RNAi experiments in S2Rϩ cells, double-stranded RNAs (dsRNAs) were generated by in vitro transcription of DNA templates containing T7 promoter sequences at both ends as described previously (Lee et al., 2007) . DNA templates were amplified by PCR using primers containing the T7 promoter sequence upstream of the following: dcip4, 5Ј-AATTCCCTGACTGCGGATGG-3Ј and 5Ј-GAATGTCTAGAGGTTCGGTG-3Ј; wsp, 5Ј-GATGGTCAT-GTGGGACTAAA-3Ј and 5Ј-GATGGATGACGGGTTGGCAC-3Ј; arp3, 5Ј-CGAGGGCTATGTGATCGGCT-3Ј and 5Ј-GATCCGGAGACGT-GTGTCCA-3Ј; shi, 5Ј-GGAGTTACCGAATATGGC-3Ј and 5Ј-ATC-TATTCACCACGCCAA-3Ј.
To determine the effect of depleting dCIP4, Wsp, Arp3, or dynamin on Gbb secretion, S2Rϩ cells transiently expressing Gbb-GFP were treated with 5 g/ml of dsRNA targeting dcip4, wsp, arp3, or shi for 5 h in serum-free medium. Cells were maintained in serum-containing medium for 4 d (dcip4, wsp, and arp3) or 7 d (shi) to allow for protein depletion. To determine the effect of dCIP4 or Wsp overexpression on Gbb secretion, S2Rϩ cells were transiently transfected with both Gbb-GFP and dCIP4 or Wsp constructs and maintained in serum-containing medium for 2 d. All transfected cells were fed with fresh serum-free medium and grown for an additional 12 h. The medium was collected for Western blot analysis using mouse anti-GFP. Cells were harvested in 50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, and protease inhibitors (Roche) at 4°C, and then centrifuged at 12,000 ϫ g for 15 min. Supernatants were precleared with protein A/G PLUS-agarose (Santa Cruz Biotechnology) for 1 h at 4°C. The samples were incubated with rabbit anti-GFP (Abcam; 1:100) for 4 h at 4°C and then incubated with protein A/G PLUS-agarose for 2 h at 4°C. Beads were washed three times with PBS and boiled in SDS sample buffer. The eluates were subjected to Western blotting using mouse anti-GFP. To determine the efficacy of dsRNAs and to ensure equal amounts of staring material, cell lysates were analyzed by Western blotting using anti-dCIP4, anti-Wsp, antidynamin, or anti-␤-actin, or by RT-PCR analysis using arp3-specific primers.
Results

Isolation of dcip4 mutants
When stained with an antibody against the axonal membrane marker HRP (Jan and Jan, 1982) , the Drosophila NMJ at the crawling third instar stage displays stereotyped, segment-specific numbers of branches and boutons. Using this histochemical approach, we screened an EP collection (Lee et al., 2005) for mutations that affect larval NMJ morphology. We thereby isolated a P-element insertion (G14250) localized in the 5Ј untranslated region of the Drosophila cip4 gene (dcip4 ) (Fig. 1A) . This P-element mutant was homozygous viable and had more extensive NMJs than those of a wild-type control (w 1118 ) (data not shown). The predicted dCIP4 protein harbors an N-terminal F-BAR domain (amino acids 31-312) followed by an HR1 domain (amino acids 375-455) and a C-terminal SH3 domain (amino acids 568 -629), identical to the human CIP4 protein (Fig. 1 A) . Overall, dCIP4 displays 35% identity and 64% similarity to human CIP4 at the amino acid level.
To address the role of dCIP4 at the NMJ, we generated an additional dcip4 mutant (dcip4 1 ) by imprecise excision of G14250. The dcip4 1 allele had a deletion within the dcip4 locus, which removes a part of the first exon including the initiation codon, the first intron, and the second exon of the dcip4 gene ( Fig.  1 A) . dcip4 mRNA was not expressed in homozygous dcip4 1 larvae (data not shown) or in larvae of dcip4 1 heterozygous with the deficiency Df(3L)ED4342 deleting the dcip4 locus ( Fig. 1 B) , suggesting that dcip4 1 is null for the dcip4 gene. In contrast, mRNA of the mRpS6 gene that is located adjacent to the dcip4 gene was normally expressed in the same larvae ( Fig. 1 B) . The dcip4 1 / dcip4 1 and dcip4 1 /Df(3L)ED4342 animals were semilethal at the pupal stage with an incidence of lethality of ϳ17%. Ubiquitous expression of UAS-HA-dcip4 under the control of da-GAL4 (Wodarz et al., 1995) led to a nearly complete rescue of this lethality.
dCIP4 is required postsynaptically for normal synaptic growth
Initial examination of third instar dcip4 1 /Df(3L)ED4342 larvae revealed that the phenotype of synaptic overgrowth is apparent at all type I NMJs, including NMJ 6/7 and NMJ 4 ( Fig. 2 A, B) . To quantify the dcip4 phenotype, we counted overall bouton number, satellite bouton number, and NMJ length at NMJ 6/7 in abdominal segment 2 ( Fig. 2 ; supplemental Table 1 , available at www.jneurosci.org as supplemental material). Compared with the wild-type control (w 1118 ), bouton number normalized to muscle surface area was increased by ϳ32% ( p Ͻ 0.001) in dcip4 1 /Df(3L)ED4342 mutant larvae (Fig. 2G ). In addition, satellite bouton number and NMJ length normalized to muscle surface area were increased by 67% ( p Ͻ 0.001) and 24% ( p Ͻ 0.001), respectively ( Fig. 2 H, I ). Larvae homozygous for dcip4 1 displayed NMJ growth defects that were virtually identical to those of dcip4 1 /Df(3L)ED4342 larvae (data not shown). To determine whether dCIP4 is required in the neuron or the muscle for normal synaptic growth, we expressed an HA epitopetagged dcip4 transgene (UAS-HA-dcip4 ) in dcip4 1 /Df(3L)ED4342 animals under the control of tissue-specific GAL4 drivers. Expression of UAS-HA-dcip4 using the muscle-specific BG57-GAL4 driver fully rescued the synaptic overgrowth phenotype of dcip4 mutants (Fig. 2C ,G-I, dCIP4 rescue-post). However, expression of the same transgene using the neuronal C155-GAL4 driver had no effect (Fig. 2G-I , dCIP4 rescue-pre). Thus, we concluded that dCIP4 may function primarily in postsynaptic muscles to regulate synaptic growth. dCIP4 is highly enriched in the central nervous system and localizes to the postsynaptic side of NMJs To characterize the dCIP4 protein at the NMJ, we generated an antibody against its N-terminal region (amino acids 201-567). In Western blot analysis of wild-type (w 1118 ) third instar larval extracts, our anti-dCIP4 antibody detected three protein bands ranging from 70 to 74 kDa, all of which were absent from extracts from dcip4 1 /Df(3L)ED4342 mutant larvae (Fig. 1C) . Because the predicted weight of dCIP4 is ϳ70 kDa, the two additional bands may represent posttranslational modifications of the protein. Consistent with this notion, HA-tagged full-length dCIP4 transiently expressed in S2 cells was also detected as three bands in Western blot analysis using an anti-HA antibody (data not shown).
Immunohistochemical analysis using anti-dCIP4 revealed that dCIP4 is maternally contributed and, in embryos at cellular blastoderm stages, is localized to the cell borders (Fig. 3A1--A3 , stage 5). From embryonic stages 12 and 13, dCIP4 immunoreactivity was most prominent in the developing CNS (Fig. 3B) . In later stage embryos (stages 16 and 17), dCIP4 was detected in the CNS, the salivary gland, and the surface epithelium ( Fig. 3C ; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Double staining with antibodies to presynaptic and postsynaptic markers (Syt and Dlg, respectively) revealed that dCIP4 is present in synaptic regions of the embryonic ventral nerve cord (VNC) (supplemental Fig. 1 , available at www.jneurosci. org as supplemental material). We did not detect any dCIP4 immunoreactivity in dcip4 1 /Df(3L)ED4342 mutant embryos (Fig. 3D) , confirming the specificity of our anti-dCIP4 antibody.
We also analyzed the synaptic localization of dCIP4 in the larval nervous system. Double staining of third instar brains using anti-dCIP4 together with anti-Syt or anti-Dlg revealed that dCIP4 is present in several synaptic neuropil regions of the brain lobes and VNC (Fig. 3E1--F3) . In addition to its CNS expression, dCIP4 was detected at glutamatergic type Ib and Is boutons of the larval body-wall muscles, but it was absent from type II/III boutons and the cytoplasm of muscle cells (Fig.  3G1--G3) . Comparison of dCIP4 immunoreactivity with that of HRP revealed that dCIP4 localization at the larval NMJs is mostly postsynaptic (Fig. 3G3, inset) . dCIP4 was undetectable at the NMJs of dcip4 1 /Df(3L)ED4342 mutant larvae ( Fig.  3H1--H3 ), demonstrating the specificity of dCIP4 staining. The postsynaptic localization of dCIP4 was confirmed by its strong overlap with Dlg ( Fig. 3I1--I3 ), a well-established marker of the subsynaptic reticulum (Lahey et al., 1994) . Interestingly, dCIP4 immunoreactivity was extended slightly beyond the Dlg-positive region into the muscle and often appeared in a punctate pattern (Fig. 3I1--I3, insets) . Thus, we concluded that dCIP4 is a novel postsynaptic component in Drosophila.
The Cdc42-and Wsp-binding activities of dCIP4, but not its membrane-tubulation activity, are essential for normal synaptic growth dCIP4 can induce membrane tubulation via its F-BAR domain (Fricke et al., 2009 ). In addition, the HR1 and SH3 domains of dCIP4 have been shown to interact, respectively, with the activated form of Cdc42 and its downstream effector Wsp (Leibfried et al., 2008) . In an initial attempt to investigate the mechanism underlying dCIP4-mediated regulation of synaptic growth, we extended these previous findings. First, we demonstrated that the point mutation L145D in dCIP4 completely abolished its ability to induce membrane tubulation in cultured cells (supplemental Fig. 2 A, B , available at www.jneurosci.org as supplemental material). An analogous mutation (F117D) in mammalian CIP4 was also shown to abolish the induction of membrane tubulation (Frost et al., 2008) . Second, after confirming the interactions between dCIP4 and the activated form of Cdc42 and Wsp by GST pull-down assays, we generated dCIP4 mutants defective in either Cdc42 or Wsp binding. The point mutation I398S in the CIP4 HR1 domain abolishes its binding to active Cdc42 (Tian et al., 2000) , and the W518K mutation in the SH3 domain of Toca-1, a close relative of CIP4, abrogates its interaction with N-Wasp (Ho et al., 2004) . We found that the L436S mutation in dCIP4 analogous to the CIP4-I398S mutation completely abolished its interaction with an active mutant form of Cdc42 (Cdc42V12), whereas dCIP4 -Wsp interaction was not affected by the same mutation in dCIP4 (supplemental Fig. 2C , available at www. A, Genomic organization of the dcip4 locus at 64B1-2 on chromosome III and mapping of a dcip4-null mutant. The exon-intron structures of dcip4 and its adjacent gene mRpS6 are shown at the top, along with their translation start (arrows) and stop (closed circle) sites. Introns are indicated by horizontal lines, and exons by boxes. White and black boxes represent untranslated and coding regions, respectively. The insertion site of the P-element line G14250 is indicated as the inverted triangle in the 5Ј untranslated region of dcip4 (ϳ75 bp upstream of the initiator ATG). F and R indicate the locations of primers used for RT-PCR analysis of dcip4 mRNA. The extent of the deletion in dcip4 1 , which was generated by imprecise excision of G14250, is marked by the hatched box. Shown below are domain structures of dCIP4 and human CIP4, with the percentage of identity between their corresponding domains. The single asterisks denote substitution mutations of dCIP4 used in this study. F-BAR is shown in blue, HR1 in red, and SH3 in green. B, RT-PCR analysis of dcip4, mRpS6, and rp49 in third instar wild-type (WT) larvae (w 1118 ) and dcip4 1 /Df(3L)ED4342 mutant larvae. C, Western blot of total extracts of third instar wild-type and dcip4 1 /Df(3L)ED4342 larvae probed with anti-dCIP4 and reprobed with anti-␤-actin. Numbers on the left are molecular masses in kilodaltons.
jneurosci.org as supplemental material). In contrast, the W603K mutation in dCIP4 analogous to the Toca-1-W518K mutation impaired the dCIP4 -Wsp interaction but not the dCIP4 -Cdc42 interaction (supplemental Fig. 2C , available at www. jneurosci.org as supplemental material). Finally, we demonstrated that dCIP4 is able to interact with activated Cdc42 and Wsp simultaneously in vitro (supplemental Fig. 2 D, available at www.jneurosci.org as supplemental material), suggesting that dCIP4 can act as an adaptor protein in the Cdc42-Wsp pathway.
To determine which domains of dCIP4 are essential for the regulation of synaptic growth, we put UAS transgenes for HAdCIP4-L145D, HA-dCIP4-L436S, and HA-dCIP4-W603K into the dcip4 1 / Df(3L)ED4342 background and tested for their ability to rescue the NMJ growth defect. Postsynaptic expression of dCIP4-L145D, but not HA-dCIP4-L436S and HA-dCIP4-W603K, rescued the synaptic overgrowth phenotype of dcip4 1 / Df(3L)ED4342 larvae (Fig. 2 D-I ; supplemental Table 1 , available at www. jneurosci.org as supplemental material). The postsynaptic targeting and expression levels of the mutant transgenes were similar to those of wild-type HA-dCIP4 (Fig.  4 F-I ; supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). Overall, these data suggest that Cdc42-and Wsp-binding domains, but not the membrane-tubulating activity, of dCIP4 are required for its regulatory role in synaptic growth.
Cdc42 function is required for efficient localization of dCIP4, which in turn controls the postsynaptic localization of Wsp Given the biochemical interaction between dCIP4 and active Cdc42 or Wsp in vitro, we tested whether these proteins colocalize at the NMJ. Immunostaining of third instar larvae expressing Myc-tagged Cdc42V12 in the muscle with anti-dCIP4, anti-Myc, and anti-Wsp (Bogdan et al., 2005) revealed strong colocalization of dCIP4, Cdc42V12, and Wsp in the postsynaptic region of type I NMJs (Fig. 4 A1--A4 ), suggesting the possibility that they can form complexes in vivo.
In the wing epithelium, Cdc42 has been shown to be required for the apical localization of dCIP4 (Fricke et al., 2009 ). To determine whether Cdc42 function is also required for the postsynaptic localization of dCIP4 in muscles, we analyzed NMJs of cdc42 2 , a hypomorphic allele of cdc42 (Genova et al., 2000) . We found a significant decrease in levels of postsynaptic dCIP4 (Fig. 4 B1-C2 ; supplemental Fig. 4 A, available at www.jneurosci.org as supplemental material). Levels of dCIP4 expression in the muscles of cdc42 2 /cdc42 2 mutant larvae were normal (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material), suggesting that Cdc42 function is required for efficient postsynaptic localization of dCIP4 at NMJs. In contrast, the postsynaptic localization of Myc-tagged Cdc42V12 expressed in muscles was normal in dcip4 1 /Df(3L)ED4342 mutant larvae (data not shown).
We next examined the effect of dcip4 mutations on Wsp localization. In dcip4 1 /Df(3L)ED4342 mutant larvae, the Wsp signal was almost completely absent from the NMJ postsynapse (Fig. 4 D1--E2 ; supplemental Fig. 4A , available at www.jneurosci. org as supplemental material). Levels of Wsp expression appeared to be normal in dcip4 mutant muscles (supplemental Fig.  4C , available at www.jneurosci.org as supplemental material), suggesting that dCIP4 is required for the postsynaptic localization of Wsp. In contrast, the postsynaptic localization and abundance of dCIP4 in wsp null mutants [wsp 1 /Df(3R)3450] were normal (data not shown). To further characterize the role of dCIP4 in the postsynaptic localization of Wsp, we examined Wsp localization in dcip4 1 /Df(3L)ED4342 mutant larvae expressing 
UAS-HA-dcip4 -W603K,Df(3L)ED4342 [dCIP4(WK) rescue-post], C155-GAL4/ϩ, and C155-GAL4/ϩ; dcip4
1 /UAS-HAdcip4,Df(3L)ED4342 (dCIP4 rescue-pre). The number of NMJs quantified for each genotype is indicated inside the bars. Statistically significant differences versus wild-type are marked on top of bars (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001). Raw data are shown in supplemental Table 1 (available at www.jneurosci.org as supplemental material).
wild-type or mutant dCIP4 transgenes in muscle cells. Muscular expression of HA-dCIP4, HA-dCIP4-L145D, or HA-dCIP4-L436S restored postsynaptic Wsp levels similar to wild-type, whereas HA-dCIP4-W603K had no such activity (Fig. 4 F1-I3) . Together, our data suggest that the dCIP4 -Wsp interaction mediated by the SH3 domain of dCIP4 is necessary for Wsp localization to the NMJ postsynapse.
Postsynaptic Cdc42, Wsp, and Arp2/3 complex inhibit synaptic growth at the NMJ Based on the biochemical and genetic data described above, we hypothesized that dCIP4 may act in the postsynaptic Cdc42-Wsp pathway to regulate synaptic growth. However, the role of postsynaptic Cdc42 in the regulation of synaptic growth at the NMJ has not been characterized. To test this directly, we examined the morphology of NMJs in larvae expressing cdc42 dsRNA postsynaptically ( Fig. 5 ; supplemental Table 2 , available at www.jneurosci.org as supplemental material). In a control exper-
iment, expression of UAS-cdc42
RNAi in neurons using C155-GAL4 increased overall bouton number, satellite bouton number, and total NMJ length ( Fig. 5F-H ) , confirming the previous finding that presynaptic Cdc42 functions to restrain synaptic growth (Rodal et al., 2008) and the efficacy of transgenic RNAi. When the same UAS transgene was expressed in muscles using BG57-GAL4, we observed an increase in all the parameters of synaptic growth in UAS-cdc42
RNAi /ϩ; BG57-GAL/ϩ compared with the BG57-GAL/ϩ control larvae (Fig. 5 A, B,F--H ) , supporting the role of postsynaptic Cdc42 in synaptic growth regulation. To confirm the regulatory role of postsynaptic Cdc42, we also examined NMJ morphology in wild-type larvae expressing the constitutively active mutant Cdc42V12 or the dominantnegative mutant Cdc42N17 in muscles only (supplemental Fig. 5 , supplemental Table 3 , available at www.jneurosci.org as supplemental material). Expression of UAS-cdc42V12 driven by MHC-GS-GAL4 in the absence of RU486 (Osterwalder et al., 2001 ) was sufficient to decrease all parameters of synaptic growth, whereas 3. dCIP4 expression in the CNS and at the NMJ. A1-A3, Lateral view of a late stage 5 wild-type embryo stained with anti-dCIP4. Higher-magnification images of the areas indicated by the arrow and box in A1 are shown in A2 and A3, respectively. The image shown in A3 is a superficial optical section of an embryo. Note that the maternally derived dCIP4 protein is highly enriched at the cell borders. Dorsal is up, anterior is to the left. B, C, Lateral views of stage 13 (B) and 16 (C) wild-type embryos stained with anti-dCIP4. dCIP4 is highly concentrated in the brain (Br) and VNC and the surface epithelium (arrowheads). D, Lateral view of a stage 16 dcip4 1 /Df(3L)ED4342 embryo stained with anti-dCIP4. E1-F3, Confocal images of the CNS dissected out of wild-type third instar larvae double stained with anti-dCIP4 (green) and either anti-Syt (red) or anti-Dlg (red). G1-H3, Confocal images of NMJs 12/13 double stained with anti-HRP (green) and anti-dCIP4 (red). In wild-type larvae (G1-G3), dCIP4 immunoreactivity is detected only at type Ib and Is boutons and is absent at other types. Insets in G1-G3 show higher-magnification images of single Ib boutons labeled with asterisks. dcip4leaky UAS-cdc42N17 expression had the opposite effects (supplemental Fig. 5A -F, available at www.jneurosci.org as supplemental material). Thus, our results suggest that levels of postsynaptic Cdc42 signaling are inversely correlated to the extent of synaptic growth at the NMJ. Next, we investigated the possible role of postsynaptic Wsp in synaptic growth regulation. For this purpose, we expressed a wsp dsRNA using the UAS/GAL4 system. Expression of a UASwsp RNAi transgene in muscles using BG57-GAL4 significantly increased bouton number, satellite bouton number, and total NMJ length ( p Ͻ 0.001) (Fig. 5C ,F--H; supplemental Table 2 , available at www.jneurosci.org as supplemental material), recapitulating the synaptic overgrowth phenotype of wsp loss-of-function mutants (Coyle et al., 2004; Rodal et al., 2008) . However, expression of the same RNAi transgene in neurons using C155-GAL4 had no significant effects on synaptic growth (supplemental Table 2 , available at www.jneurosci.org as supplemental material). Because the UAS-wsp dsRNA approach does not completely eliminate Wsp immunoreactivity at the larval NMJ (data not shown), we further evaluated the tissue-specific requirement of Wsp by expressing exogenous Wsp in a wsp null-mutant background [wsp 1 /Df(3R)3450] using the UAS/GAL4 system. Muscular expression of UAS-wsp in wsp 1 /Df(3R)3450 larvae using BG57-GAL4 substantially rescued the increase in all parameters of synaptic growth ( p Ͻ 0.001) (supplemental Fig. 5G-I , supplemental Table 3 , available at www.jneurosci.org as supplemental material). Neuronal expression of UAS-wsp using C155-GAL also rescued the increase in satellite bouton number, but not the increase in overall bouton number and NMJ length (supplemental Fig. 5G-I , available at www.jneurosci.org as supplemental material). Thus, our data support the notion that Wsp is required both pre-and postsynaptically for normal synaptic growth.
Finally, we evaluated whether the Arp2/3 complex, the effector of Wsp, also functions postsynaptically to regulate synaptic growth. Muscle-specific expression of UAS-arp2
RNAi or UASarp3
RNAi using BG57-GAL4 caused synaptic overgrowth ( Fig.  5D-H 1 /Df(3L)ED4342 mutant larvae, whereas dCIP4 -W603K fails to do so. Scale bar, 10 m.
postsynaptic Arp2/3 complex in the regulation of synaptic growth at the NMJ.
dcip4 interacts with the Cdc42-Wsp pathway at the NMJ and regulates postsynaptic F-actin
To further test the possibility that dCIP4, Cdc42, Wsp, and the Arp2/3 complex function in a common pathway at the NMJ, we examined transheterozygous interactions between dcip4 and cdc42, wsp, or arp3 ( Fig. 6 ; supplemental Table 4 , available at www.jneurosci.org as supplemental material). Heterozygosity for dcip4 1 , wsp 1 , or arp3 EP3640 , a strong hypomorphic P-element allele of arp3 (Hudson and Cooley, 2002) , did not change any NMJ synaptic parameter (Fig. 6 E-G) . In larvae heterozygous for cdc42 2 , a mild hypomorphic allele of cdc42 (Genova et al., 2000) , total bouton number and NMJ length were normal, but satellite bouton formation was slightly increased (Fig. 6 E-G (Fig. 6 A-C,E--G) . The number of satellite boutons was further increased in larvae transheterozygous for dcip4, cdc42, and wsp (Fig. 6 D, F ) . These observations strongly support the model in which dCIP4 acts in the Cdc42-WspArp2/3 pathway to restrain synaptic growth.
This conclusion led us to examine whether dCIP4 plays a critical role in the regulation of actin dynamics at NMJs. In wildtype larvae, F-actin visualized by rhodamine-conjugated phalloidin was highly enriched in the postsynaptic side of NMJs (supplemental Fig.  6 A1,A2 , available at www.jneurosci.org as supplemental material), as described previously (Coyle et al., 2004) . Levels of postsynaptic F-actin were significantly reduced in dcip4 1 /Df(3L)ED4342 compared with wild-type larvae ( p Ͻ 0.01) (supplemental Fig. 6 B1,B2,F , available at www. jneurosci.org as supplemental material), supporting the involvement of dCIP4 in postsynaptic F-actin regulation. A similar phenotype was observed in cdc42, wsp, or arp3 mutants (supplemental Fig. 6C1--F , available at www.jneurosci.org as supplemental material). These results, together with a recent report that dCIP4 activates Wsp-Arp2/3-mediated actin polymerization in vitro (Fricke et al., 2009) , suggest that dCIP4 acts in the Cdc42-WspArp2/3 pathway to regulate postsynaptic F-actin.
Postsynaptic dCIP4 and Wsp restrain synaptic growth by attenuating presynaptic BMP signaling
Mutations activating retrograde BMP signaling lead to an increase in total bouton number and satellite bouton formation (O'Connor-Giles et al., 2008) . Because these phenotypes are very similar to those observed in dcip4, cdc42, wsp, and arp3, we wondered whether the signaling cascade involving postsynaptic dCIP4, Cdc42, Wsp, and Arp2/3 complex might negatively regulate retrograde BMP signaling. Accumulation of P-Mad at the terminals and in the nuclei of motor neurons is indicative of retrograde BMP signaling at the NMJ (Marques et al., 2002; McCabe et al., 2003) . Thus, we examined levels of P-Mad levels in larvae expressing UAS-dcip4
RNAi ,
UAS-cdc42
RNAi , UAS-wsp RNAi , UAS-arp2 RNAi , RNAi under the control of BG57-GAL4. In all these animals, P-Mad levels at the terminals and in the nuclei of motor neurons were significantly increased compared with controls ( p Ͻ 0.001) ( Fig.  7A-G; supplemental Fig. 7 , available at www.jneurosci.org as supplemental material). If postsynaptic dCIP4 and Wsp restrain synaptic growth by attenuating retrograde BMP signaling, synaptic overgrowth caused by knockdown of postsynaptic dCIP4 or Wsp would be affected by additional mutations in whishful thinking (wit), a gene encoding a type-II BMP receptor (Aberle et al., 2002) . After confirming synaptic undergrowth in wit A12 /wit B11 , we analyzed NMJ morphology in wit A12 /wit B11 larvae expressing either UASdcip4
RNAi or UAS-wsp RNAi postsynaptically. Overall bouton number and satellite bouton formation in these larvae were not significantly different from those in wit A12 /wit B11 larvae ( p Ͼ 0.1) (Fig. 7H ) , suggesting that synaptic overgrowth induced by knockdown of postsynaptic dCIP4 or Wsp requires BMP signaling through Wit. We also found that heterozygosity for wit (wit A12 /ϩ) could completely reverse the increase in total bouton number and satellite bouton formation in larvae expressing either UAS-dcip4
RNAi or UAS-wsp RNAi postsynaptically (Fig. 7H ) . In a control experiment, heterozygosity for wit did not cause any 
and BG57-GAL4/UAS-arp3
RNAi (E) third instar larvae. The columns on the right are highermagnification views of NMJ terminals marked in the low-magnification panels by boxes. Note that when expressed specifically in muscles, cdc42, wsp, arp2, and arp3 dsRNAs increase satellite bouton formation similarly. Scale bar, 50 m. F-H, Quantification of total bouton number (F ), satellite bouton number (G), and total NMJ length (H ) at NMJ 6/7 in the genotypes indicated. The number of NMJs quantified for each genotype is indicated inside the bars. Comparisons are with the control BG57-GAL4/ϩ or C155-GAL4/ϩ line (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001). Raw data are shown in supplemental Table 2 (available at www.jneurosci.org as supplemental material).
synaptic growth defect, suggesting that postsynaptic dCIP4 and Wsp restrain synaptic growth by attenuating retrograde BMP signaling.
dCIP4/Wsp inhibits postsynaptic Gbb secretion
To investigate the mechanism by which the postsynaptic dCIP4 -Wsp pathway regulates the retrograde Gbb signal, we generated a transgene harboring UAS-gbb-GFP. Muscular expression of UAS-gbb-GFP using BG57-GAL4 led to a significant increase in presynaptic P-Mad levels and satellite bouton formation (supplemental Fig. 8 A-C , available at www.jneurosci.org as supplemental material), suggesting that the expressed Gbb-GFP fusion protein is biologically active. Gbb-GFP was produced as a precursor protein of ϳ75 kDa (48 kDa from the unprocessed Gbb plus 27 kDa from GFP) that was processed to a smaller protein of ϳ44 kDa (17 kDa from the processed Gbb plus 27 kDa from GFP) (supplemental Fig. 8 D, available at www.jneurosci.org as supplemental material). Thus, the Gbb-GFP fusion protein was processed as expected (Doctor et al., 1992) .
We then analyzed the effect of dcip4 mutations and postsynaptic wsp RNAi on the levels of extracellular Gbb-GFP at the NMJ. In this experiment, third instar larval fillets were incubated with an anti-GFP antibody before fixation, as described previously for the selective detection of extracellular Wg (Strigini and Cohen, 2000) . The extracellular GFP signal at NMJs was significantly increased in BG57-GAL4,Df(3L)ED4342/UAS-gbb-GFP,dcip4 1 and BG57-GAL4/UAS-gbb-GFP,UAS-wsp RNAi larvae compared with the BG57-GAL4/UAS-gbb-GFP control ( p Ͻ 0.01) (Fig. 8 B-E) . GFP immunoreactivity was significantly decreased in BG57-GAL4/ϩ compared with BG57-GAL4/UAS-gbb-GFP larvae (Fig. 8, compare A, B) , confirming the specificity of GFP staining. The expression level and processing of Gbb-GFP were not significantly altered by loss of postsynaptic dcip4 and wsp function (supplemental Fig. 8 D-H , available at www. jneurosci.org as supplemental material), suggesting that postsynaptic dCIP4 and Wsp may be required for Gbb secretion and/or endocytosis.
In mammals, dynamin-dependent endocytosis plays a crucial role in the internalization of ionotropic glutamate receptors from the postsynaptic plasma membrane (Carroll et al., 1999) . Consistent with this, the synaptic abundance of GluRIIA and GluRIIB was increased in a temperature-sensitive dynamin mutant (shi ts ), which was pulsed at restrictive temperature (supplemental Fig.  9E , available at www.jneurosci.org as supplemental material). A similar phenotype was observed in larvae expressing a dominant negative form of dynamin (Shi K44A ) (Moline et al., 1999 ) only in 2 /ϩ; dcip4 1 /ϩ, dcip4 1 ,ϩ/ϩ,wsp 1 , and cdc42 2 /ϩ; dcip4 1 ,ϩ/ϩ,wsp 1 larvae exhibit a significant increase in satellite bouton formation. Scale bar, 25 m. E-G, Quantification of total bouton number (E), satellite bouton number (F ), and total NMJ length (G) at NMJ 6/7 in the genotypes indicated. The number of NMJs quantified for each genotype is indicated inside the bars. All comparisons are with wild-type unless indicated (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001). Raw data are shown in supplemental Table 4 (available at www.jneurosci.org as supplemental material). muscles (supplemental Fig. 9A1 --E, available at www.jneurosci.org as supplemental material), confirming the efficacy of Shi K44A . To further investigate the mechanism of Gbb-GFP accumulation, we first analyzed larvae expressing both Gbb-GFP and Shi K44A in muscles. Levels of extracellular Gbb-GFP in these larvae were not significantly different from those in larvae with postsynaptic expression of Gbb-GFP alone ( p ϭ 0.33) (Fig. 8 E) , suggesting that the accumulation of extracellular Gbb-GFP at NMJs in larvae lacking postsynaptic dCIP4 or Wsp may not be attributable to dynamin-dependent endocytic defects. Next, we investigated the roles of dCIP4, Wsp, and the Arp2/3 complex in Gbb secretion. For this purpose, we transiently expressed the Gbb-GFP fusion protein in Drosophila S2Rϩ cells and evaluated the effect of depleting dCIP4, Wsp, or Arp3 on the secretion of Gbb-GFP. The medium of untreated control cells contained only processed Gbb-GFP, whereas lysates of the same cells displayed processed and unprocessed Gbb-GFP (Fig. 8 F) . RNAi-mediated knockdown of dCIP4, Wsp, or Arp3 significantly increased the levels of processed Gbb-GFP in the medium normalized to those of intracellular Gbb-GFP (Fig. 8 F, H ) . However, knockdown of dynamin did not affect the levels of processed Gbb-GFP in the medium (Fig. 8F,H) , suggesting that defects in dynamindependent endocytosis do not account for the accumulation of processed Gbb-GFP in the medium. Finally, overexpression of dCIP4 or Wsp resulted in a significant decrease in Gbb-GFP secretion (Fig. 8G,H) . Together, our results support an inhibitory role for dCIP4 and Wsp in Gbb secretion.
Discussion
Neurons and muscles communicate through various transsynaptic signals to coordinate the development and remodeling of their synaptic terminals. At the Drosophila NMJ, the BMP ligand Gbb, secreted from postsynaptic muscles, acts as a critical retrograde signal that promotes the structural growth of presynaptic terminals. Previous studies have demonstrated that endocytic regulation of BMP receptors is a presynaptic mechanism to restrain Gbb-induced synaptic growth (Wang et al., 2007; O'ConnorGiles et al., 2008) . Here, we present data demonstrating that inhibition of Gbb secretion by the postsynaptic dCIP4 pathway also contributes to fine regulation of retrograde BMP signaling and synaptic growth. dCIP4 acts in the postsynaptic Cdc42-Wsp-Arp2/3 pathway to negatively regulate synaptic growth We have established a novel role for dCIP4 in synaptic growth regulation at the NMJ. Mutations in dcip4 cause synaptic overgrowth, as evidenced by an increase in overall bouton number, satellite bouton formation, and NMJ length. This phenotype is rescued by muscular but not neuronal expression of wild-type dCIP4. In addition, dCIP4 is highly enriched in the postsynaptic side of type I larval NMJs. Thus, we conclude that dCIP4 functions postsynaptically as a negative regulator of synaptic growth.
Our data demonstrate that dCIP4 acts positively in the postsynaptic Cdc42-Wsp-Arp2/3 pathway to restrain synaptic growth. First, we show that dCIP4 is able to form a multiprotein complex containing both active Cdc42 and Wsp in vitro. Second, a dCIP4 mutant defective in either Cdc42 or Wsp binding is not able to rescue the synaptic overgrowth phenotype in a dcip4 mutant background, suggesting a functional relationship between dCIP4 and the Cdc42-Wsp pathway. Third, postsynaptic knockdown of Cdc42, Wsp, or Arp3 causes similar NMJ phenotypes to those observed in dcip4 mutants. Fourth, dcip4 displays transheterozygous interactions with cdc42, wsp, and arp3 at the NMJ, thus establishing in vivo that these genes act in the same pathway to regulate synaptic growth. Fifth, dcip4 mutations, like wsp mutations, reduce postsynaptic F-actin at the NMJ, and dCIP4 function is required for the postsynaptic localization of Wsp. Finally, loss of Cdc42 function significantly impairs the postsynaptic localization of dCIP4, suggesting that dCIP4 acts as a Cdc42 effector at the NMJ. Together, our results suggest that dCIP4 acts downstream of Cdc42 to activate Wsp-Arp2/3-mediated actin polymerization in the NMJ postsynapse and that this activity of dCIP4 restrains synaptic growth. 
and BG57-GAL4/UAS-arp3
RNAi (F ) larvae. Note that presynaptic levels of P-Mad are significantly increased by reduction of postsynaptic dcip4, cdc42, wsp, arp2,orarp3 activity. Scale bar, 5 m. G, Quantification of the ratio of average P-Mad to HRP levels in larvae of the genotypes indicated. Values are percentages of the BG57-GAL4/ϩ control. H, Quantification of overall bouton number and satellite bouton formation at NMJ 6/7 were quantified in the indicated genotypes. Note that synaptic overgrowth induced by dcip4 or wsp RNAi is suppressed by reduction or loss of wit function. All comparisons are with wild-type (WT) unless indicated. n.s., Not significant. ***p Ͻ 0.001. Raw data are shown in supplemental Table 5 (available at www.jneurosci.org as supplemental material).
A previous study has shown that Wsp is highly enriched postsynaptically at NMJs, and is also detected presynaptically at a lower level (Coyle et al., 2004) . The same study has provided evidence for a presynaptic function of Wsp in restraining synaptic growth. However, no previous studies have addressed whether postsynaptic Wsp also contributes to synaptic growth regulation. In this study, our data demonstrate that Wsp also functions postsynaptically to regulate synaptic growth. First, postsynaptic knockdown of Wsp increases overall bouton number, satellite bouton formation, and NMJ length to levels similar to those observed in wsp-null mutants. Second, postsynaptic expression of Wsp in wsp mutants reduces all synaptic growth parameters to wild-type levels. 
1 (C1, C2), and BG57-GAL4/UAS-gbb-GFP,UAS-wsp RNAi (D1, D2) third instar larvae. Scale bar, 10 m. E, Quantification of the ratio of average extracellular Gbb-GFP to HRP levels at NMJ 6/7 in third instar larvae of the genotypes indicated. All animals were raised on RU486-free medium. Values are percentages of the corresponding control. F-H, Effects of altering levels of dCIP4, Wsp, Arp3, or dynamin on the secretion of Gbb-GFP from S2Rϩ cells. In F, GFP-containing proteins in the conditioned medium (CM) and lysates (CL) of S2Rϩ cells transfected with Gbb-GFP and dsRNA against dcip4, wsp, arp3, or shi were detected by Western blot analysis using anti-GFP (see Materials and Methods). The efficacy and specificity of the dsRNAs were determined by Western blot (dcip4, wsp, and shi dsRNAs) or RT-PCR (arp3 dsRNA) analysis. Levels of ␤-actin protein or rp49 mRNA were determined to ensure equal amounts of starting material. In G, GFP-containing proteins in the conditioned medium and lysates of S2Rϩ cells expressing both Gbb-GFP and HA-dCIP4 or HA-Wsp were detected by Western blot analysis using anti-GFP (see Materials and Methods). Levels of HA-dCIP4 or HA-Wsp expression were determined by Western blot analysis using anti-HA. H, Quantitative analysis of the data from six independent experiments by densitometric measurements. For each sample, the band intensity of the processed, secreted Gbb-GFP was normalized by that of cell-associated Gbb-GFP to compensate for variations in transfection efficiency. Values shown represent the mean Ϯ SEM relative to the corresponding control (100%). *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001.
signaling and synaptic growth. Our genetic data support a model in which the postsynaptic Cdc42-dCIP4 -Wsp-Arp2/3 pathway restrains presynaptic growth by attenuating retrograde BMP signaling. We show that presynaptic P-Mad levels at NMJs are significantly increased by RNAi-mediated knockdown of postsynaptic Cdc42, dCIP4, Wsp, Arp2, or Arp3. In addition, BMP signaling through the type II receptor Wit is necessary for synaptic overgrowth in larvae lacking postsynaptic dCIP4 or Wsp, suggesting that synaptic overgrowth in wsp is attributable to overactivation of retrograde BMP signaling. Finally, we have found that levels of extracellular Gbb at the NMJ are significantly increased by either dcip4 mutations or loss of postsynaptic Wsp.
How then does the postsynaptic dCIP4 -Wsp-Arp2/3 pathway negatively regulate the retrograde Gbb signal? Previous studies have demonstrated that dCIP4 and Wsp function together in epithelial cells to promote E-cadherin endocytosis via the Arp2/3 complex and dynamin (Georgiou et al., 2008; Leibfried et al., 2008) . Therefore, it is highly tempting to speculate that dCIP4 may antagonize the retrograde Gbb signal by promoting dynamin-dependent endocytosis of extracellular Gbb into muscles. However, our results suggest that this would not be the case. First, postsynaptic expression of a dominant-negative form of dynamin does not noticeably change extracellular Gbb levels at NMJs Second, the membrane-deforming activity of dCIP4, which has been implicated in endocytic vesicle formation (Fricke et al., 2009) , is dispensable in the regulation of synaptic growth. Finally, depletion of dCIP4, Wsp, or Arp3 but not dynamin leads to an increase in the secretion of mature Gbb from cultured S2 cells, whereas dCIP4 overexpression has the opposite effect. Thus, our data support the notion that the dCIP4 -Wsp-Arp2/3 pathway plays an inhibitory role in Gbb secretion.
The inhibitory role of Cdc42 and Wsp in Gbb secretion is consistent with a previous finding that overexpression of a constitutively active mutant of Cdc42 (Cdc42V12) and Wasp in mammalian HeLa cells inhibits Cu 2ϩ -dependent exocytosis of MNK (the Menkes disease protein) from the trans-Golgi network to the plasma membrane (Cobbold et al., 2002) . In addition, overexpression of another constitutively active mutant of Cdc42 (Cdc42L61) has also been shown to inhibit glucose-stimulated insulin secretion from pancreatic ␤-cells (Nevins and Thurmond, 2003) . In contrast, other studies have shown that overexpression of Cdc42L61 and N-Wasp enhances Ca 2ϩ -regulated exocytosis of growth hormone in PC12 neuroendocrine cells (Gasman et al., 2004) . Thus, the effect of Cdc42 and Wasp overactivation on exocytosis appears to be different depending on the cell type or exocytic pathway.
Previous work has shown that retrograde BMP signaling through Wit is responsible for glutamate receptor-dependent synaptic homeostasis at the Drosophila NMJ . As glutamate receptors are Ca 2ϩ -permeable channels (Chang et al., 1994) , it is possible that the Cdc42-dCIP4 -WspArp2/3 pathway could be functionally connected to signal transduction molecules that respond to changes in glutamate receptor-dependent Ca 2ϩ influx into postsynaptic muscles. Such candidate molecules include Ca 2ϩ /calmodulin-dependent kinase II (CaMKII), which acts downstream of glutamate receptors to mediate retrograde signaling in muscles . Interestingly, it has been shown that CaMKII is activated by ganglioside-induced Ca 2ϩ elevation and induces Cdc42-mediated actin polymerization in mammalian cells (Chen et al., 2003) . Therefore, it will be of great interest to investigate the regulation of the Cdc42-dCIP4 -Wsp-Arp2/3 pathway by CaMKII and other related Ca 2ϩ sensors in postsynaptic cells.
